The vapor phase transport (VPT) process is usually used for the growth of one-dimensional nanostructures rather than for film deposition. In this study, for the first time, we report on the fabrication and optical propeties of ZnO film produced by VPT combined with rapid heating. The X-ray diffraction results showed that the intensity of the ZnO (002) peak was the largest, which indicated that the c-axis orientation of the ZnO grains was perpendicular to the substrate. In the photoluminescence (PL) spectra of the ZnO film at 12 K, PL peaks were observed at 3.374, 3.362, 3.319, and 3.242 eV, which were attributed to free excitons (FXs), excitons bound to neutral donors, donor-acceptor pairs (DAPs), and first-order longitudinal optical phonon replicas of DAPs (DAPs-1LO), respectively. The energy interval between DAPs and DAPs-1LO was almost the same as the longitudinal optical (LO) phonon energy of bulk ZnO of ~76 meV. The PL spectra in the temperature range from 12 to 300 K shifted to lower energy with an increasing temperature. The activation energy of FX was estimated to be 61 meV. This value is similar to the exciton binding energy of 60 meV. † (
INTRODUCTION
ZnO is a direct bandgap (3.37 eV) semiconductor that has attracted attention for use in optoelectronic applications such as light-emitting diodes and laser diodes [1, 2] . ZnO has a high exciton binding energy of 60 meV, which is substantially higher than the room temperature thermal energy (26 meV) and the exciton binding energy (25 meV) of GaN. As a versatile material with excellent properties, it is also useful in various other applications, such as catalysts, photovoltaics, sensors, surface acoustic wave devices, piezoelectric transducers and actuators, hydrogen storage, and transparent conductive films [3] .
Various techniques, such as chemical vapor deposition [4] , molecular beam epitaxy [5] , pulsed laser deposition [6] , thermal evaporation [7] , and spray pyrolysis [8] , have been used to prepare ZnO films. Another technique is the vapor phase transport (VPT) method, which is conventionally not a film deposition technique but rather a growth method for one-dimensional nanostructures. If it could be adapted for the deposition of films, this method could provide the possibility *Corresponding Author: Jae-Young Leem [Tel: +82-55-320-3716, E-mail: jyleem@inje.ac.kr] Copyright ⓒ The Korean Institute of Metals and Materials of mass-producing both nanostructures and epitaxial layers (and even bulk crystals) of high quality and purity. With the VPT method, the morphology of the produced samples depends on the growth conditions, including the position of the substrates, source materials, gas flow rates, substrate temperatures, and difference in vapor supersaturation [9] .
However, until now, the heating rate of the furnace has not been considered. In general, the furnace is heated at a rate of 25-50 ºC min -1 [10, 11] . In this study, the furnace was heated at a rate of 250 ºC min -1 to fabricate ZnO films.
We used photoluminescence (PL) spectroscopy to study the optical properties of the ZnO films at temperatures in the range of 12 to 300 K. In general, PL spectroscopy is one of the most widely used experimental methods to study the optical properties of semiconductors [12] . The PL spectrum of ZnO generally consists of two main bands. The band in the ultraviolet (UV) region corresponds to the near-band edge (NBE) emission attributed to exciton emission originating from the recombination of free excitons through an exciton-exciton collision process; the other band in the visible region is due to structural defects and impurities related to oxygen vacancies or Zn interstitials.
Low-temperature PL spectroscopy is a sensitive and powerful tool for characterizing electrically active impurities [13] . Moreover, The growth of the ZnO nanostructures is generally controlled by either a vapour-liquid-solid (VLS) mechanism including a metallic catalyst, such as gold, copper, or tin, or a vapour-solid (VS) mechanism without any catalyst [15] . during the carbothermal reaction were in contact at the grain surfaces and then generated Zn vapor. The processes are described by the following equations [17] :
EXPERIMENTAL PROCEDURES

RESULTS AND DISCUSSION
The generated Zn vapor becomes supersaturated at the nucleation sites and forms small clusters. The growth of the ZnO film is based on the nucleation sites. Therefore, a rapid heating process follows the VS mechanism [18] . especially due to donors, the FX peak is typically not clearly observed at low temperatures [21] . The peak at 3.242 eV was attributed to DAPs-1LO. The presence of phonon replicas indicates good crystallinity of the ZnO film [22] . It is estimated that the many strong replicas in the PL spectra result from the low defect concentration compared to other reports [23] . LO phonon replicas of DAPs in ZnO have usually been identified based on the favorable interval between the DAPs and LO phonon energy (ω  = 72 meV) [24] . [25] . With an increasing temperature, the DAP emission energy was slightly redshifted. The DAP emission energy is described by [26] ν
  is the band gap,   and   are the acceptor and donor binding energies, respectively, ε is the dielectric constant, and r is the donor-acceptor distance. With increasing temperature, carriers trapped in DAPs with small distance r are released into the band, and the line is shifted to the low-energy side.
The D 0 X emission was dominant at 12 K. However, the FX emission became dominant above 100 K, indicating that it was more probable for the bound excitons to ionize and eventually to transform into FXs as the temperature increased.
The UV emission of a ZnO crystal is usually attributed to interband recombination of electrons and holes in form of excitons. Generally, due to the temperature-induced lattice dilatation and electron-lattice interaction, the interband emission peak energy follows the well-known Varshni formula [27] :
 is the absolute temperature,   (0) is the band-gap energy at  = 0,  and  are constants appropriate to ZnO, and  is proportional to the Debye temperature   . The constants  and  were obtained from fitting the PL peaks, as shown in Fig. 7 . In the case of the D0Xs, the constants were determined as  = 0.7 meV and  = 600 K, and for FXs,  = 0.5 meV and  = 800 K. As is evident from Fig. 7 , the D 0 X peak was dominant in a temperature range of 12-100 K, and the FX peak was dominant above 100 K. The curve determined by the above equation best fit the experimental values, as shown in Fig. 7 . The values of   (0) for the FX and D 0 X peaks were estimated to be 3.374 and 3.362 eV, respectively, which agreed well with the values reported for bulk ZnO; and β was also in reasonable agreement with the result of a recent report [28] . It is clear from Fig. 7 that Varshni's equation can satisfyingly account for the temperature dependent position of the FX peak. behavior of the FX intensity is described by the Arrhenius law [29] :
  is the intensity at 0 K,  is the ratio of the non-radiative transition probabilities, and    is the activation energy of the thermal quenching process,   is the Boltzmann constant and  is the thermodynamic temperature. By fitting the experimental data using Eq. (7), the activation energy is estimated to be 61 meV. This value is similar to the exciton binding energy of 60 meV for bulk ZnO [30] . Therefore, this result suggests that FXs survive at higher temperatures.
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